It was recently demonstrated that asymmetric dark matter can ignite supernovae by collecting and collapsing inside lone sub-Chandrasekhar mass white dwarfs, and that this may be the cause of Type Ia supernovae. A ball of asymmetric dark matter accumulated inside a white dwarf and collapsing under its own weight, sheds enough gravitational potential energy through scattering with nuclei, to spark the fusion reactions that precede a Type Ia supernova explosion. In this article we elaborate on this mechanism and use it to place new bounds on interactions between nucleons and asymmetric dark matter for masses m X = 10 6 − 10 17 GeV. Interestingly, we find that for dark matter more massive than 10 11 GeV, Type Ia supernova ignition can proceed through the Hawking evaporation of a small black hole formed by the collapsed dark matter. We also detail Higgs and vector portal dark matter models that ignite Type Ia supernovae.
Introduction
While dark matter has been identified through its gravitational interactions in galaxies and the early universe, dark matter's mass, cosmological history, and non-gravitational interactions remain a mystery. Although the established evidence for dark matter is based on gravitational phenomena, it is reasonable to suppose that dark matter is coupled to known particles by more than just gravity. There is currently an extensive experimental effort to detect dark matter, including low-background underground experiments looking for dark matter bumping into Standard Model particles, space and ground-based searches for dark matter annihilating to Standard Model particles, and searches for dark matter in missing momentum events at particle colliders.
Dark matter's non-gravitational interactions with ordinary matter may also be detected using astrophysical systems. The impact of dark matter interactions can be observed in solar fusion [1] [2] [3] [4] , cooling gas cloud temperatures [5] [6] [7] [8] , stellar emission [9] [10] [11] , white dwarfs [12] [13] [14] [15] [16] [17] [18] [19] , and neutron stars [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . In particular, due to the enormous density of white dwarfs and neutron stars, these objects serve as effective natural laboratories for testing dark matter models.
Dark matter may be the solution to some outstanding astrophysical puzzles. Contrary to prior expectations, recent evidence suggests that many Type Ia supernovae proceed from white dwarfs with masses below the Chandrasekhar mass threshold M 1.4M [37, 38] . Reference [12] proposed that asymmetric dark matter may be responsible for the ignition of Type Ia supernovae, including the ignition of sub-Chandrasekhar white dwarf progenitors (see [18, 19] for related analysis). Although other mechanisms have been proposed for the ignition of sub-Chandrasekhar white dwarfs, such as matter accretion from a neighbouring star [39] [40] [41] , binary mergers [42, 43] or helium shell ignition [44] , these require binary companions, whereas some astronomical evidence indicates that Type Ia supernovae arise from lone white dwarfs [45, 46] .
The asymmetric dark matter ignition scenario proceeds as follows: first a large quantity of dark matter accumulates inside the white dwarf over time, by scattering against nuclei or electrons within it. As the dark matter settles inside the white dwarf after repeated scatters, it will thermalize at the white dwarf's internal temperature, leading to the formation of a thermalized dark matter sphere near the center of the white dwarf. This dark matter sphere grows in mass as more dark matter is accreted and thermalized; an matter sphere composed of asymmetric dark matter [47, 48] will grow quickly, since asymmetric dark matter particles do not self-annihilate. Once such a dark matter sphere acquires a critical mass necessary for self-gravitation, its subsequent gravitational collapse releases enough energy through nuclear elastic scattering to dramatically heat the core of white dwarf stars. This heating prompts a thermonuclear runaway reaction that precedes a Type Ia supernova. The particular dynamics of dark matter accumulation and ignition have consequences for Type Ia supernova observations; intriguingly, [12] showed that the observed inverse correlation [38, 49] between Type Ia host galaxy age and Type Ia light curve stretch (and by extension a correlation to white dwarf progenitor masses [38] ), could be accounted for with asymmetric dark matter, which would tend to ignite less heavy white dwarfs at later times.
This document explores new aspects of the dark matter Type Ia supernova ignition mechanism. Using dark matter ignition of Type Ia supernovae, we set new bounds on the dark matter-nucleon cross section for heavy dark matter. These bounds depend on four relevant physical quantities: 1) the time it takes to accumulate a critical mass of dark matter in the center of the white dwarf, 2) the time it takes for the accreted dark matter to reach thermal equilibrium and settle to the center of the white dwarf, 3) the time it takes the dark matter sphere to collapse, 4) the energy transferred during dark matter collapse through scattering against stellar constituents. We set bounds on dark matter interactions by requiring that the first three processes take longer than the age of a known white dwarf, which has not exploded. To determine which white dwarf sets the most stringent bound, we have used the Montreal White Dwarf Database [50] , and found that white dwarf SDSS J160420.40+055542.3, a 3.3 Gyr old, ∼ 1.4M mass white dwarf provides the strongest constraint.
Besides igniting Type Ia supernovae during collapse, we find that for a dark matter sphere which collapses without igniting the white dwarf, the black hole formed from the collapsed dark matter may itself ignite the white dwarf via Hawking radiation. This occurs for dark matter heavier than ∼ 10 11 GeV. Such dark matter is heavy enough to form a small black hole that will evaporate within a few billion years. The evaporation of this black hole will lead to Type Ia supernova ignition via Hawking radiation, provided evaporation of the black hole occurs faster than accretion of stellar material and additional dark matter particles, because the black hole must become tiny enough for the Hawking radiation to reach temperatures suitable for ignition. Interestingly, this black hole ignition mechanism places a leading bound on asymmetric dark matter spin-independent interactions, for dark matter masses greater than 10 11 GeV. For dark matter that ignites white dwarfs via black hole evaporation, the time that it takes for the dark matter sphere to collapse and form the black hole, is the limiting factor determining the constraint on dark matter interactions.
The structure of this paper is as follows: in Section 2 we detail multiscatter capture of dark matter and discuss the formation of the dark matter sphere, its gravitational collapse, and the minimum cross section for this process to occur within the time required by observations. Next, we analyse the heating process as gravitational collapse proceeds, which yields new bounds on the dark matter-nucleon cross section. Our results can be compared to bounds from the Xenon-1T experiment [51] and neutron star implosions [27, 29] . Finally, we consider the black hole formation and ignition process via Hawking radiation, which yields new bounds for higher dark matter masses. As an example, we compare the bounds obtained to an explicit model for self-interacting dark matter and use them to set constraints on the model parameter space. In Section 6, we conclude. Throughout this paper, we work in natural units where = c = k b = 1 and G = 1/M 2 pl where M pl ≈ 1.2 × 10 19 GeV is the non-reduced Planck mass.
2 Dark matter capture, thermalization and collapse in white dwarfs
Dark matter capture
In order to have observable effects on a white dwarf star, a sizeable amount of dark matter from the halo must become captured in its interior, by scattering and re-scattering with nuclei or electrons as the dark matter passes through the white dwarf. Here we will focus on dark matter capture via scattering with nuclei. The capture of dark matter in white dwarfs can be computed using methods outlined in [52] . In that work, a detailed analysis of the capture process is presented for the case that dark matter undergoes multiple scatters as it travels through the star. The multiscatter treatment is particularly relevant for dark matter masses in excess of ∼ 10 4 GeV. Such a treatment is necessary for the present work, as we will consider heavy dark matter m X ≥ 10 6 GeV, which will require multiple scatters to slow down to sub-escape velocity and be captured. The total capture rate is
Where each C N term in the sum corresponds to the capture rate for dark matter that underwent N scatters before losing sufficient energy to become gravitationally bound to the white dwarf star. Note that, depending on the mass of the dark matter and its velocity in the halo, there will be a minimum number of scatters required in order to capture the dark matter. Each of these terms is given by
Here R is the radius of the star, n X the dark matter halo number density, v esc is the escape velocity from the star surface (v esc 1) andv is the average halo speed of dark matter. The quantity v N is defined as v esc (1 − β + /2) −N/2 with β + = 4m X m a /(m X + m a ) 2 , and it accounts for the energy loss in successive momentum exchanges as a particle undergoes N scatters. The function
is a Poisson weighting that gives the probability of N scatters in the star for stellar optical depth τ ≡ 3σ aX M/(2πR 2 m a ), where y = cos θ defines the angle at which the dark matter entering the star and M is the white dwarf mass, σ aX is the dark matter nuclear scattering cross-section, R is the radius of the white dwarf, and m a is the mass of a nucleus in the white dwarf, see Ref. [52] . The optical depth is proportional to the ratio between the dark matter-nuclei cross section and the saturation cross section for which a dark matter particle typically scatters about once as it traverses a travels through the star, σ sat ≡ πR 2 M/m a . We assume the fraction of energy lost in a collision follows a uniform distribution over 0 < ∆E/E 0 < β + , where E 0 is the initial energy carried by the dark matter particle in the star's rest frame. Let us emphasize that, although the capture rate is proportional to the area projected by the star, it also depends on the optical depth which includes the information about interactions between dark matter and the stellar constituents and scales as R −2 . Therefore, multiscatter capture is more relevant for more compact stars. Expression (2) is valid for capture in white dwarfs; the exact capture rate depends on the white dwarf's composition. Here we conservatively assume the inner composition of white dwarfs is predominantly 12 C nuclei. Dark matter possessing spin-independent interactions (e.g. a vector or scalar current) will coherently scatter off the nucleons within these nuclei for low energy exchanges. In contrast, at higher energies and momentum exchange, the scattering cross-section becomes suppressed as the dark matter begins to scatter with individual nucleons. To account for this, we make the following substitution for the dark matter-nuclear cross section, which determines the optical depth τ ,
where σ aX is the dark matter-nuclear cross section for a nucleus with A nucleons, written in terms of the dark matter-nucleon cross section σ nX (here assumed to be velocityindependent), µ aX is the dark matter-nuclear reduced mass, and µ nX is the dark matternucleon reduced mass. The second factor F 2 ( E R ) is the Helm form factor [53] [54] [55] evaluated at the average recoil energy
for heavy dark matter scattering off 12 C at velocity v esc ≈ 10 −2 , making the average Helm form factor correction of order ∼ 0.5. Momentum exchanges with recoil energies much in excess of ∼ MeV are suppressed by this form factor. To account for the Helm form factor in the energy loss expression, we replace the factor of 1/2 that multiplies β
esc is the maximum recoil energy. Applying these corrections to (2) , and truncating (1) at a sufficiently large value of N such that the higher order terms removed are negligible, we arrive at the capture rate for heavy dark matter passing through white dwarfs. While we use the full capture rate (2) in calculations throughout this document, for ease of reference, the approximate dark matter mass capture rate on a white dwarf with mass M = 1.4 M and radius R = 2.5 km, composed entirely of 12 C, for dark matter masses well in excess of m X = 10 4 GeV (see [52] ) is given byṁ X ≈ Min 3 × 10 27 GeV s , 6 × 10 24 GeV s
where this expression assumes a conservatively low, 2σ allowed dark matter halo density of ρ X ≈ 0.3 GeV/cm 3 [56] , and a characteristic dark matter velocity ofv ≈ 10 −3 .
Dark Matter Thermalization
After it becomes captured and gravitationally bound, a dark matter particle will orbit through the white dwarf star, losing more kinetic energy in successive scatters. Thermalization of the captured dark matter occurs in two stages -a stage where the dark matter orbits outside the star and a stage where it orbits entirely inside the star. Some details of thermalization inside a white dwarf will differ from dark matter thermalization in a main sequence star, studied in [15] .
First Thermalization
In the initial thermalization stage, the dark matter particles follow a closed orbit that intersects the white dwarf, losing kinetic energy through scattering while crossing through the white dwarf. Upon capture, assuming a radial path through the star, a dark matter particle will have a turning point r as a function of energy given by
Where E < 0 is the particle's initial energy after capture. The average energy loss when a dark matter particle scatters against a nucleus at a distancer from the star center, in the kinematic limit m a m X , will be
Where the whole factor in parenthesis is the dark matter kinetic energy, i.e. it is the sum of the particle's initial energy E and the potential energy inside the star. To obtain the average energy loss for single scatter, we express E in terms of the turning point r using (7) and average over the star size
The time it takes the dark matter to complete one orbit through the white dwarf is approximately the orbital period for a dark matter-white dwarf orbital radius (semi-major axis) r,
where the initial size of dark matter's orbit around the white dwarf, r 0 can be determined from the captured dark matter's initial kinetic energy, r 0 ≈v 2 2GM . Finally, the average energy loss during the first thermalization phase is obtained by dividing Eq. (10) by Eq. (11) and multiplying by the white dwarf optical depth τ to estimate the average number of times that the dark matter scatters as it completes a single transit through the white dwarf.
It is useful to make the variable substitution = R/r, where this is approximately the ratio of the dark matter's initial kinetic energy GM m X /r to its binding energy at the surface of the star GM m X /R. The time for the dark matter to settle inside the star after repeated scatters is
where the initial ratio is 0 ≈ R/r 0 and the final ratio is f ≈ 1 when the dark matter lies inside the star. Note that in the above expression the optical depth τ , and by extension the dark matter-nuclear cross section σ aX depend on energy, because of the Helm form factor shown in Eq. (4). Therefore, we have conservatively taken the Helm form factor in τ (σ aX ) to be F 2 ( E R ) ∼ 0.5, which is its minimum value for dark matter-nuclear recoil energies during the first stage of thermalization. Inserting typical white dwarf parameters, the time to complete the first stage of thermalization, after which the dark matter particle will orbit entirely inside the star, is given by
Second Thermalization
During a second thermalization stage, the dark matter particles orbit entirely inside the white dwarf. As the dark matter particles move through the white dwarf, repeated scattering shrinks their orbits to a "thermal radius" r th -at this radius they have a thermal velocity distribution determined by the white dwarf core temperature T . The time to complete the second stage of thermalization is determined by the time it takes for dark matter to scatter with white dwarf nuclei and the energy lost in each scatter. These are given by ∆t sc = n a σ aX v = n a σ aX 2E/m X , where E is the energy of the dark matter particle, n a = ρ wd /m a is the nuclei number density; and ∆E ≈ 2m a E/m X in the limit that m a m X , as discussed above. Therefore, the average energy loss is given by
which results in a thermalization time
where E th = 3 2 T is the final dark matter particle kinetic energy, and in the last step we have dropped the initial kinetic energy term E i as negligible. For typical white dwarf parameters and dark matter masses considered in this work, the second phase of thermalization lasts longer than the first,
where we note that for recoil energies E R ∼ T , the Helm form factor in σ aX is constant F 2 ( E R ) ∼ 1. The first and second stage thermalization times are plotted in Figure  1 . We see that for the dark matter parameter space of interest, thermalization occurs quickly relative to other timescales, including the time it takes for the dark matter sphere to grow massive enough to collapse.
Dark Matter Collapse
After being captured and thermalizing through repeated scattering with white dwarf particles, the dark matter particles settle into a gravitationally bound configuration. The radius of this thermalized sphere of dark matter in the center of the white dwarf, r th , can be computed using the virial theorem, equating the dark matter thermal energy at temperature T with the dark matter's gravitational potential energy inside a white dwarf with density ρ wd
Unless the dark matter is asymmetric [47, 48] or equivalently has very small self-annihilation interactions [24] the dark matter sphere will be prohibited from substantially growing by annihilation. Therefore, throughout this work we will consider asymmetric dark matter that does not have self-annihilation interactions.
Dark matter collected into a sphere of radius r th at the center of the white dwarf will collapse under its own weight, so long as two criteria are met:
1. The first criterion is that the dark matter must be self-gravitating, so that its gravitational binding energy decreases during collapse. If the gravitational potential of the white dwarf is much larger than the dark matter's self-gravity, then the binding energy of dark matter with mass M dm has the form of a harmonic oscillator potential, E ∼ −GM dm ρ wd r 2 th . Under the influence of the white dwarf's gravitational potential alone, the dark matter sphere's potential energy would increase as the dark matter sphere shrank in size. As a consequence, without self-gravitation, the minimum energy configuration of the dark matter sphere will be at radius r th , and collapse will not occur. Therefore, we require the density of the dark matter sphere to roughly exceed the white dwarf density, in order for collapse to occur.
2. The second criterion is that the dark matter sphere must satisfy a Jeans instability condition.
The first self-gravitating condition is met so long as the dark matter density equals or exceeds the white dwarf density within the thermalization radius, r th . This defines a critical self-gravitating mass M crit = 4πρ wd r 3 th /3. The number of dark matter particles required is
In Figure 1 , the minimum dark matter-nucleon cross section required to collect a selfgravitating clump of dark matter in a white dwarf in 3 Gyrs is shown.
To determine whether the dark matter sphere is unstable, we perform a simple Jeans mass analysis, requiring that the sound-crossing time exceed the free-fall time of the dark matter sphere. The free-fall time is given by
Where ρ x is the density of the dark matter sphere which will be greater than the white dwarf density after collapse begins. The rightmost expression is obtained when ρ x = ρ wd , i.e. when enough dark matter has been collected to achieve self-gravitation. The sound-crossing time, on the other hand, is given by the time a sound wave crosses the radius of the dark matter sphere. In a standard Jeans mass collapse analysis, if the sound-crossing time is longer than the free-fall time, a gravitationally bound configuration of gas will be unstable to small perturbations and will collapse.
A self-thermalized dark matter sphere will have a short sound-crossing time. For our purposes, we will consider the dark matter sphere to be self-thermalized, since such a sphere will be most stabilized against collapse. If the dark matter is self-thermalized, it will have the sound speed of an ideal gas, c dm ∼ T /m X . In such case
By taking r = r th , we have assumed that the dark matter sphere has just reached the point of self-gravitation, i.e. that it has the same density as the white dwarf. Comparing to Eq. (20), the sound-crossing time for a self-thermalized dark matter sphere turns out to be longer than the free-fall time for a self-gravitating sphere of dark matter, for the white dwarf parameters considered in this paper. For lighter and correspondingly less dense white dwarfs and particular dark matter models, which will be treated in future work, it will be necessary to determine whether additional dark matter must be captured to satisfy the Jeans criterion. Before continuing, we briefly consider two relevant timescales: the time between dark matter self-interactions and the time between dark matter interactions with nuclei, prior to collapse. For much of the dark matter model space considered in this paper, the freefall time in Eq. (20) is longer than the time it takes for a dark matter particle to interact with another dark matter particle, just prior to collapse, 
where n X = ρ wd /m X is the dark matter number density just before collapse and σ XX is the dark matter self-interaction cross-section. This shows that, in order for the dark matter to be self-thermalized on timescales faster than the collapse timescale, its selfinteraction cross section must exceed ∼ 10 −30 cm 2 . In Section 5 we will see that this condition is fulfilled for some explicit vector-and scalar-portal dark matter models. The free-fall time is typically shorter than the time it takes for dark matter to interact with a nucleus in the white dwarf, Figure 1 : Minimum dark matter-nucleon cross section σ nX as a function of m X , in a log-log plot, for dark matter to thermalize with the white dwarf (green and blue) and accumulate critical mass for self-gravitation (orange) within 3 Gyrs. The minimum cross section for the thermalized dark matter sphere to collapse to a black hole (yellow) within 3 Gyrs, and for dark matter accumulation to preclude complete black hole evaporation (purple) are also shown. The box in the top-left corner shows the white dwarf parameters used, where the mass and age of the white dwarf were determined by the oldest massive white dwarf in the Montreal White Dwarf Database [50] , SDSS J160420.40+055542.3.
where here we have conservatively set the Helm form factor to unity in evaluating σ aX . This demonstrates that the above Jeans instability requirement was justified in neglecting dark matter-nuclear interactions.
The capture rate, thermalization rate, and conditions for dark matter collapse, all depend on the dark matter-nucleon cross section. Using the Montreal White Dwarf Database [50] , we find that most of the single white dwarfs in the mass range 1.2M < M < 1.4M have cooling ages that lie below 3 Gyrs. The oldest M ∼ 1.4M white dwarf present in the sample has an age ∼ 3.3 Gyrs. Therefore, we will conservatively constrain the cross section by requiring both thermalization and accumulation of the critical mass to be completed within 3 Gyrs. Figure 1 displays the minimum cross section in a log-log plot for all relevant processes to be completed for an M ∼ 1.4M white dwarf of typical parameters within that time.
Collapsing dark matter energy transfer and ignition
Once the dark matter sphere begins to implode it will scatter with nuclei as it collapses, and can transfer enough energy to heat a small central region of the white dwarf to the point that nuclear fusion begins, resulting in a Type Ia supernova explosion [12] . The major requirements for dark matter ignition via elastic scattering during dark matter collapse are as follows 1. The dark matter must heat the white dwarf faster than it cools (mostly via electron conduction cooling).
2. The dark matter must heat a portion of the white dwarf to a critical temperature (around 10 10 K).
Below we will find that for dark matter elastically scattering with nucleons, satisfying the first criteria guarantees satisfying the second.
Dark matter heating versus white dwarf cooling
To begin, we note that Helm form factor coherence drops for higher energy scatters of dark matter against nuclei. As the dark matter sphere collapses, the dark matter will move faster and faster, resulting in higher energy collisions. This allows us to determine a collapse radius past which the dark matter energy transfer via elastic scattering with nuclei becomes suppressed (as we will see, the Helm form factor becomes relevant in this fashion for dark matter masses m X 10 8 GeV). In future work, energy transfer via high energy dark matter-nucleus inelastic scattering may be considered; here we conservatively require that dark matter ignite white dwarfs during collapse purely through elastic scattering. First, we calculate the velocity of the dark matter particles in the collapsing sphere, assuming a homogeneous density profile and applying the virial theorem v vir = 3 5
GN sg m X r ≈ 7 × 10 −7 10 6 GeV m X 
The form factor, on the other hand, begins to suppress energy exchanges at speeds v ∼ 0.02. Combining this with the previous expression, we obtain a radius at which the energy transferred per dark matter-nuclear collision begins decreasing, r min ≈ 9.5 × 10 −6 cm 10 6 GeV m X 
We will use this radius as a benchmark collapse position, for which the dark matter elastic scattering energy transfer to white dwarf nuclei is maximized.
To determine whether dark matter sparks nuclear fusion that lead to a Type Ia supernova, we follow the analysis of [12, 57] and require the heating of a central mass of carbon and oxygen to a certain critical temperature T c . Because the dark matter sphere encloses a small radius, we will mostly consider the heating of a microgram (1 µg) mass sample of white dwarf material composed of predominantly 12 C nuclei. As determined in [57] , a microgram of white dwarf material must be heated to a temperature T c ∼ 10 10 K (∼ 1 MeV) in order to spark a supernova. This amount of white dwarf material will be enclosed in a radius r µg ≈ 7 × 10 −6 cm 10 9 g
For dark matter heavier than m X 10 6 GeV, we see that the radius of maximum coherent elastic scattering heating r min is smaller than the radius that encloses a microgram of white dwarf material; hence it will be convenient to simply consider how much the dark matter heats a microgram of white dwarf material. For m X 10 6 GeV, where r µg < r min , we have independently verified that that the cross-section required for dark matter to accumulate to a critical mass within ∼ 3 Gyrs, is sufficient to prompt Type Ia ignition, see also Ref. [12] . Therefore, we consider dark matter collapsing to radius r min , which is smaller than the radius enclosing a microgram sample. For high dark matter masses, m X 10 8 GeV, we will also see how increasing the dark matter-nucleon cross section beyond the cross section required to accumulate a critical mass of dark matter, allows for ignition during collapse. Compared to prior results in [12] , this will improve the cross section bound obtained.
To determine the cross section required to ignite the sample, we analyse three relevant quantities: the energy transfer rate of the dark matter sphere to nuclei via elastic scatteringQ DM , the diffusion rate at which the white dwarf sample cools downQ Dif f , and the heat capacity of the white dwarf sample C v .
To calculate the energy transfer rate, we first consider the average energy exchange between a dark matter particle and a nucleus of mass m a in a single scatter. In the limit m a m X this energy exchange is simply ∼ m a v 2 vir . Using the time it takes for a dark matter particle to interact with a nucleus t aX , we write the energy transfer rate aṡ
The rightmost expression has been evaluated as the energy transfer rate when v vir ≈ 0.02, i.e. when the energy transfer rate is approximately at its maximum before becoming suppressed by the Helm form factor. We note thatQ DM decreases with m X . For higher dark matter masses, fewer particles need to be captured for the dark matter sphere to self-gravitate and collapse, so the resulting collapsing dark matter sphere will have fewer particles scattering with nuclei.
Next, we consider the rate at which heat is diffused out of the sample. The conductive diffusion rate of a white dwarf material sphere of radius r s at temperature T s is given by [58] 
Where κ c ∼ 10 −9 cm 2 /g (T c /10 7 K) 2.8 (10 9 g cm 3 /ρ wd ) 1.6 is the conductive opacity of the white dwarf, which for densities above ∼ 10 7 g/cm 3 is dominated by relativistic electron conduction [12, 59] . In (28) , T wd ∼ 10 7 K denotes the core equilibrium temperature. On the right hand side of Eq. (28), we have set T s = T c and r s = r µg to indicate the scaling of the diffusion rateQ Dif f , since diffusion will be maximized at the highest temperatures. Put another way, the choice T s = T c yields the highest possible diffusion rate for the sample of white dwarf material prior to ignition.
In order to be ignited, the dark matter must heat the white dwarf faster than it can cool itself. The sample of white dwarf material can be ignited so long as the energy transfer rate (27) exceeds the diffusion rate (28),
This condition ensures that the white dwarf material can be heated to 10 10 K, given the conductive electron diffusion in the white dwarf. For dark matter with a mass in the range m X ∼ 10 8 − 3 × 10 12 GeV, this condition (Eq. (29)) places the most stringent restriction on the dark matter-nucleon cross section . This is because, for dark matter masses below m X ∼ 10 8 GeV, the cross section on nucleons required to accumulate a self-gravitating mass of dark matter is sufficient to prompt white dwarf ignition when the dark matter sphere collapses. On the other hand, for dark matter masses above m X ∼ 3 × 10 12 GeV, ignition via black hole evaporation is guaranteed, as will be explained in Section 4. For dark matter in the mass range m X ∼ 10 8 − 3 × 10 12 GeV, the ignition cross section increases with higher dark matter masses, since fewer dark matter particles will compose the collapsing dark matter sphere (see Eq. (19)), and therefore, the overall rate for dark matter scattering against nuclei declines, resulting in a lower energy transfer rate for a fixed dark matter-nucleon scattering cross section. Consequently, the constraint on the cross section associated with ignition has a positive slope.
Dark matter heating to critical temperature
To determine the total amount that dark matter heats the white dwarf, we first determine the timescale for dark matter to collapse to r min . We compute this by integrating the ratio between the rate at which the dark matter sphere sheds gravitational energy and Figure 2 : Constraints on the dark matter-nucleon cross section σ nX as a function of m X , obtained from calculating at what nucleon cross section dark matter accumulates a critical mass, collapses, and thereby ignite an old white dwarf (orange). Bounds labeled with "Self-grav" and "σ nx ignition" result from dark matter igniting the white dwarf by scattering with white dwarf nuclei during collapse. For each of these respective parameter space regions, the minimum cross section for white dwarf ignition is set either by requiring that enough dark matter is captured so that it "self-gravitates", or that the collapsing dark matter scatters frequently during collapse to ignite the white dwarf, here labelled as "σ nx ignition". The region labelled "BH ignition" denotes parameter space where dark matter will not ignite the white dwarf during collapse, but instead will collapse and form a black hole. Then in the process of evaporating via Hawking radiation, this black hole ignites the white dwarf. The bound is set by requiring that the dark matter collapse to form a black hole within ∼ 3 Gyrs. The line "DM feeds BH" denotes the limiting region where black hole evaporation is potentially precluded by further dark matter capture (see Figure 1 ). All bounds were obtained using the parameters displayed in the lower right, taken from an old white dwarf (SDSS J160420.40+055542.3) selected to provide the most stringent bound, out of all single white dwarfs listed in the Montreal White Dwarf Database [50] . Also displayed are the bounds obtained from the Xenon-1T experiment [51] and neutron star implosions [29] .
the rate at which energy is transferred to the white dwarf, from an initial radius r to the final radius r min 
In the rightmost expression, we have used the fact that the initial radius is r = r th r min , and so t col only depends on the initial radius of the dark matter sphere. Additionally, to integrate (30) we have expressedQ DM (r) ∝ 1 v 3 vir ∝r 3/2 as a function of r using the full expression for the virial velocity v vir (as compared to its use in (27) , whereQ DM is evaluated at r min ). While this collapse time is much shorter than the dark matter capture time for lower dark matter masses, it will be relevant for higher dark matter masses m X , where the time it takes for the dark matter to form a black hole becomes important.
The final requirement for ignition that we now address, is that enough total energy should be transferred to the white dwarf material, so that it is heated to a temperature of 10 10 K [57] . We will see that sufficient ignition heating for a microgram of white dwarf is guaranteed for the dark matter masses and cross sections we consider, so long as Eq. (29) is satisfied. The heat capacity of the sample is largely governed by the capacitance of the degenerate white dwarf's ion lattice [58] C v = 3 2 T 4 3 πr 3 µg n a ≈ 746
GeV K (31) Note that in our treatment the heat capacity does not scale with the core density, since we have fixed the sample mass to 1 µg. Then the total energy that has to be imparted to a microgram of white dwarf material is simply C v T c ∼ 10 13 GeV. This energy is much smaller than eitherQ DM orQ Dif f multiplied by the collapse time scale (see Eq. (30)) over which the energy is transferred. We make one final comment on the ignition of Type Ia supernovae by dark matter. It has been noted that many deflagration and detonation models of ignition [60] , require that the heated white dwarf material must have a temperature profile with a high degree of homogeneity. The time scale for energy diffusion is
We note that t Dif f is shorter than the time scale for energy transfer to the white dwarf material. This shows that energy diffusion across the microgram sample is sufficiently fast to ensure an homogeneous temperature profile of the sample during the heating process.
Black hole formation and evaporative ignition
We now consider the possibility that the dark matter sphere collapses to form a black hole, which ignites the white dwarf while evaporating via Hawking radiation. In this case, the dark matter would collapse and form a small black hole without igniting the white dwarf during collapse itself. For a fixed dark matter-nucleon cross-section this will occur for heavier dark matter, since the number of dark matter particles and the power transferred to the white dwarf both decrease as the dark matter mass m X increases, cf. Eq. (27).
Black hole formation from collapsing dark matter
The mass of dark matter required to form a black hole will depend on the spin of the dark matter field and its self-couplings [35, 36, 61] . In the case of a Higgs portal dark matter model examined in Section 5, the dark matter self-interactions are attractive and do not preclude the black hole formation. Self-interactions via a vector boson present a more complex case, as they can be either attractive or repulsive. In the absence of a detailed study of these interactions, we conservatively use the maximum mass stabilized against non-relativistic gravitational collapse by Fermi-degeneracy pressure for dark matter fermions 
Comparing these minimum black hole masses to the mass required for dark matter to self-gravitate obtained from Eq. (19), M crit ≈ 6.3 × 10 37 GeV 10 10 GeV m X 3 2
we find that if dark matter heavier than 10 10 GeV collapses under its own weight at the center of a white dwarf with the parameters specified, it will be massive enough to form a black hole. (36) We remark that the Schwarzschild radius is much smaller than the radius of the white dwarf enclosing a microgram of material, r s r µg for all m X > 10 10 GeV, which will be relevant for calculating white dwarf ignition via black hole evaporation. The time required for the black hole to be formed can be computed using (30) . The cross section required so that the dark matter collapses and forms black hole within ∼ 3 Gyrs is displayed in Figure 1 . This time imposes the most stringent constraint on σ nX , when setting a bound on dark matter parameters using old white dwarfs. As we will see, for dark matter masses from m X ∼ 10 11 − 10 17 GeV, all black holes formed from dark matter with r s 10 −14 cm will ignite M 1.4M white dwarfs when they evaporate.
Black hole evaporative ignition of white dwarfs
After formation, the growth and evaporation of the black hole is governed bẏ
The first term on the right hand side is the Bondi accretion rate, where c wd ≈ 0.03 is the sound speed at the core of the white dwarf, where this sound speed has been computed using a polytropic equation of state, [58] . The second term accounts for mass loss through the emission of Hawking radiation. The third term governs the growth of the black hole from the infall of additional dark matter inside the white dwarf [24] . For black holes formed in white dwarfs by dark matter masses m X > 10 6 GeV, the Bondi accretion rate is negligible compared to the Hawking term. Therefore, for the parameter space of interest, the dark matter capture rate compared to the Hawking radiation rate will determine whether the black hole evaporates or grows. The dark matter capture rate on a small black hole at the center of the white dwarf will depend on a number of factors. If the dark matter is self-thermalized (see Section 2), the capture rate can be obtained by calculating the sound speed of the dark matter and determining its Bondi accretion rate on the black hole. If the dark matter cannot be modeled as an ideal gas, simulations or analytic estimates [62] of the capture rate using individual particle trajectories would be necessary. Here we will conservatively assume that the dark matter efficiently feeds the small black hole, i.e. that f X = 1 in Eq. (37). This will be a conservative assumption for obtaining bounds using black hole evaporation ignition, because dark matter feeding the black hole can prevent the black hole from evaporating, which reduces its temperature and power output, thus inhibiting black hole evaporative ignition of the white dwarf.
The time for a black hole with an initial mass M crit (i.e. the self-gravitating mass) to evaporate, when neglecting the Bondi accretion rate and setting f X = 1 in (37), is
where we define a Hawking evaporation constant a 2 = (G √ 15360π) −1 . It can be shown that √ m X C X M crit < a 2 implies a rapid black hole evaporation time. In this limit, √ m X C X M crit a 2 , Equation (38) approximates to t bh = 15360πG 2 M 3 crit ≈ 10 9 yrs 1.5 × 10 10 GeV m X 9 2
This is the usual solution obtained when the Hawking radiation term dominates alone. On the righthand side of this expression we have used the self-gravitating dark matter mass (35) to determine how quickly the black hole formed in a white dwarf star evaporates. In practice, the solution (38) converges very quickly to (39) in the limit mentioned above.
The condition we require therefore is that black hole evaporation exceed dark matter capture onto the black hole,
This requirement is shown in Figure 1 . From (39) , we see that evaporation will occur in less than a billion years for m X 1.5 × 10 10 GeV. Of course, if black hole evaporative ignition is going to ignite the white dwarf, the black hole must evaporate on timescales shorter than the existence of the white dwarf. Moreover, we see by comparing the black hole evaporation power in Eq. (41) with the diffusion rate in the white dwarf (28) that the black hole will need to evaporate, so that it radiates enough to ignite the white dwarf. Therefore, we adopt m X = 1.5 × 10 10 GeV as a lower bound on the dark matter mass that can cause white dwarf evaporative black hole ignition for the white dwarf parameters given in Figure 2 .
We now analyze black hole evaporative heating of a microgram-sized sample of white dwarf material, and determine when the conditions for ignition are met. First, the energy transfer rate of the black hole must exceed the rate at which heat diffuses out of the sample. So long as dark matter capture on the black hole is sufficiently small, the mass evolution will be completely determined by Hawking radiation emission. The Hawking radiation rate will increase as the black hole shrinks in sizė 
Here we have normalized to a black hole mass M bh ∼ 10 33 GeV, which corresponds to the initial black hole mass for dark matter mass m X ∼ 10 13 GeV, c.f. Eq. (35) . For black hole evaporation bounds derived in the paper, we require all formed black holes to evaporate completely. Therefore, for dark matter masses less than and greater than m X ∼ 10 13 GeV, this black hole evaporation heating rate will be matched and surpassed since we set bounds only on parameter space where the black holes evaporate completely, and the initial black hole mass shrinks with increasing dark matter mass (again see Eq. (35)). Comparing Eq. (41) to the heat diffusion rate in a white dwarf, Eq. (28), we see that the first requirement for black hole evaporative white dwarf ignition is satisfied, so long as a sizable portion of this energy is deposited in the white dwarf. The second condition for evaporative black hole ignition of the white dwarf, is that the radiation emitted must effectively heat a sample of white dwarf materials to ∼ 10 10 K. This will depend on the amount of energy deposited by Hawking emitted particles as they propagate across the microgram-containing region of white dwarf material. We find that this condition is satisfied for all black holes evaporating inside the white dwarf, so long as the mass of the black hole is large enough, M bh 10 16 GeV. This condition is satisfied for all the dark matter parameters we consider.
The temperature of the black hole depends on its mass M bh . As a black hole evaporates, its temperature and radiated power increase according to
GeV m X 10 13 GeV 3 2 ρ wd 10 9 g cm 3 1 2
After it is formed from collapsing dark matter in the white dwarf, it is evident that the black hole's temperature will increase as it evaporates. In the rightmost expression we made the replacement M bh = M crit , i.e. we take the black hole initial mass to be the critical mass for self-gravitation of the captured dark matter. The energy and composition of the radiated particles will depend on this temperature [63, 64] . While a detailed simulation of black hole emission propagation through white dwarf material is beyond the scope of this work, we will find that emitted color-charged particles alone are enough to ignite the white dwarf (i.e. emission of gluons and quarks which become mesons and hadrons during propagation). We will neglect contributions from, e.g., emitted neutrinos and leptons, as these will not alter the results of our analysis. At the temperatures relevant for ignition (42) , all the particles present in the Standard Model are emitted relativistically. Each type of particle (where each helicity state counts as a separate particle) is emitted roughly equally up to percent level corrections [65, 66] , so long as each particle's mass is less than the black hole temperature. For the temperature indicated in Eq. (42), we will only need to consider emitted particles that carry color charge. At these temperatures, more than half the black hole evaporation power is emitted in relativistic color-charged particles [65, 66] .
Black hole radiated color-charged particles with energies 10 3 GeV, have a kinetic energy above carbon's nuclear binding energy E bind ∼ 10 MeV. To analyze the interactions of these color-charged particles (quarks, gluons which create hadrons, mesons) with carbon nuclei in the white dwarf, we follow the standard procedure for estimating hadronic showering in materials [67] . We take the inelastic carbon scattering cross-section for the high energy particles to be the geometric cross-section of the carbon nucleus, σ C ∼ 10 −25 cm 2 . Each time a high-energy particle hits a carbon nucleus over a mean free path l had ∼ 1/(n C σ C ) ∼ 10 −7 cm, it fractures the carbon nucleus and creates ∼ 2 − 3 ∼ e high energy hadrons/mesons (e here is Euler's number). Each of these inelastic byproducts in turn strikes a carbon nucleus, and after N i such interactions, the resulting showered particles each have final energies E f of the order
where E i is the initial particle energy and N i ∼ n C σ C l sh is the number of inelastic scattering interactions the hadronic shower has undergone over a length l sh with a carbon number density n C . The total mean free path of the emitted hadronic shower will be
where we have normalized the carbon density to a typical white dwarf core density of 10 9 g/cm 3 . At each showering stage, the emitted hadrons scatter inelastically against nuclei, the resulting hadrons produced in the collision split the initial energy. At the relevant ignition energies (∼ MeV), the majority of the final showered by-product particles are pions. Note that the length of the shower depends only logarithmically on the energy E in of the initial color-charged particle. We see that the mean free path for a high-energy color-charged particle is much less than the radius of white dwarf enclosing a microgram of material l had r µg ≈ 7×10 −6 cm, while the showering length is l sh r µg ≈ 7 × 10 −6 cm. Note that these statements hold even for the smallest black holes formed by dark matter in this study: for m X ∼ 10 17 GeV, M bh ∼ 10 27 GeV, and l sh ∼ 6 × 10 −6 cm. This implies that the color-charged particles emitted from the black hole travel a short distance, compared to the sample size, before scattering inelastically against nuclei. The showers produced have a somewhat larger energy deposition length, heating a ∼ µg white dwarf region to MeV temperatures roughly uniformly during subsequent showering. Therefore, we find that color-charged particles emitted from the black hole constitute an efficient, isothermal heating mechanism that will prompt white dwarf ignition. We remark that, although the highest energy color-charged Hawking particles induce fission in nuclei upon collision, the final output particles in the hadronic shower (which exponentially outnumber the higher energy input particles) lack the energy to produce further fission. Therefore, we can safely assume that the critical temperature T c for ignition remains unchanged, as the majority of the ∼ µg mass white dwarf sample preserves its composition as it heats up. Finally, while they are not necessary for ignition, we briefly comment on the emission of non-color-charged particles, and The emitted photons scatter inelastically against nuclei, producing hadronic showers. At these energies, this is the dominant mechanism involved. The inelastic scatters generate these photonuclear showers after a somewhat longer mean free path, since they couple to nuclei through the electromagnetic rather than the strong force. Similarly, emitted electrons scatter inelastically via the exchange of a virtual photon. The difference compared to the previous cases discussed, is that the electron survives the interaction. Both electronuclear and photonuclear showers will contribute less to white dwarf heating than the black hole's hadronic emission, since for the black hole temperatures we consider, there is more emission of strongly-coupled particles.
We have now established that black holes with masses M bh ∼ 10 27 − 10 33 GeV, formed from collapsing dark matter in white dwarfs, will quickly and uniformly heat a microgram of white dwarf material to ignition via Hawking evaporation. It remains to point out that the large masses of these black holes imply that the energy they impart to the microgram of white dwarf vastly exceeds the ∼ 10 13 GeV required for ignition, as discussed in Section 3. Thus, we find that the white dwarf is ignited by dark matter collapsing and forming a black hole in its interior, for dark matter masses m X > 1.5 × 10 10 GeV, so long as the black hole will evaporate, which depends on how much the black hole is fed by accreted dark matter. For this parameter space, the most restrictive constraint on the cross section comes from the requirement that the dark matter collapses and forms a black hole in less than a few gigayears. The final constraint on σ nX for all the mass range considered throughout this work is plotted on Figure 2 . We see that we have excluded a significant region below the Xenon-1T results and outside previous bounds derived from neutron star implosions.
Dark matter models for ignition of white dwarfs
Having already treated dark matter's effect on white dwarfs using a generic per-nucleon cross section, we now investigate some explicit models of dark matter that cause white dwarfs to explode. With late-decaying fields that deplete the late-time abundance of asymmetric dark matter, superheavy asymmetric dark matter cosmologies have been constructed in [68] . In the following models, we will consider light mediators and O(1) gauge coupling constants, implying sizable self-annihilation cross-sections for our candidate dark matter models. Using various methods that deplete late-time relic particle abundances, it would be possible to construct a cosmology for the dark matter models considered here, though precise model parameters satisfying these cosmologies will de-pend on a number of factors, for example the late-time energy density of decaying fields -we leave a detailed treatment to future work.
The first explicit dark matter model is a Dirac fermion X as dark matter, which is charged under a new U (1) D gauge group with gauge coupling constant α X . The vector mediator V µ of this gauge group mixes with the Standard Model photon, see e.g. [69] [70] [71] . For this mixed-vector mediator model, often called "hidden photon" or "vector portal" dark matter, the coupling to the Standard Model is mediated through the following mixing terms in the Lagrangian
Here 
Next we consider a dark matter model, which couples to the Standard Model via a Yukawa interaction with a scalar mediator φ that in turn mixes with the Higgs boson [72] [73] [74] . Again we take the dark matter to be a Dirac fermion X. For this "Higgs portal" dark matter model, the real scalar field φ mixes with the Higgs boson H through terms of the form
Where H is the Standard Model Higgs doublet and a, b are coupling constants, where a has dimensions of mass and b is dimensionless. In the limit a, m φ v, m h where v ≈ 246 GeV is the Higgs vacuum expectation value after electroweak symmetry breaking, the mixing angle is h ≈ av/m 2 h , with the following term describing the resulting coupling of φ to Standard Model fermions
Both of the above dark sector mediators, and their respective mixing mechanisms allow V µ and φ to decay in the early Universe, and constraints on the mixing parameters can be obtained from requiring Big-Bang nucleosynthesis to be unaffected by these decays and the resulting dilution of baryon density [71] . Additional constraints for the mixing parameters in the vector case are obtained from low meson decay experiments, as shown in Figure 4 .
For the case of a scalar mixed with the Higgs boson, the nucleon scattering crosssection is Figure 3 : Constraints on the mixing parameter γ for vector φ as a function of its mass m φ , in a log-log plot. We fix α X = 10 −1 . The different colors correspond to different dark matter masses, as labeled. Regions above the solid lines are excluded by observations of the old white dwarf SDSS J160420.40+055542.3. Shaded regions denote parameter space bounded by supernova cooling and particle colliders [75] [76] [77] [78] [79] [80] [81] .
Using the white dwarf explosion bounds obtained for the dark matter-nucleon cross section in Section 3 yields the bounds on vector and Higgs portal dark matter models, shown in Figure 3 and 4 respectively. We fix α X = 0.1 and α φ = 0.1 and the dark matter mass, then solve for the value of γ or h corresponding to the per-nucleon cross-section that would cause the 3 Gyr old white dwarf SDSS J160420.40+055542.3 [50] , to explode.
We note that both of the above models imply dark-matter self-interactions, mediated by the Yukawa couplings of the vector and scalar mediators, i.e. the same mediators (V µ or φ) that couples dark matter to the visible sector. For a scalar φ, this self-interaction is purely attractive. Alternatively, for a vector φ, XX andXX interactions are repulsive, while XX interactions are attractive. A detailed analysis of the self-interaction cross section for this potential, both in the perturbative and non-perturbative regime is given in [84] . In Section 3 we studied how strongly self-interacting dark matter might affect whether the dark matter sphere at the center of a white dwarf collapses. We found that, even assuming the dark matter is self-thermalized and has the sound speed of an ideal gas (which would correspond to dark matter with substantial self-interactions), a self- Figure 4 : Constraints on the mixing parameter h for scalar φ as a function of its mass m φ , in a log-log plot. We fix α φ = 10 −1 . The different colors correspond to different dark matter masses; regions above these coloured lines are excluded by observation of the old white dwarf SDSS J160420.40+055542.3. Shaded parameter space is excluded by non-observation of anomalous meson decays at the CHARM experiment [82, 83] . gravitating dark matter sphere will satisfy the Jeans instability criterion and collapse at the center of a white dwarf. Therefore, sizable dark matter self-interactions should not substantially alter white dwarf explosion bounds.
Conclusions
We have elaborated on a mechanism proposed in [12] , whereby non-binary sub-Chandrasekhar white dwarfs can explode as type Ia supernova, through the collapse of heavy asymmetric dark matter in their interiors. A number of new ways the dark matter can ignite white dwarfs by collapsing in their interiors have been identified, and new bounds were obtained on heavy asymmetric dark matter interactions with nuclei using an old massive white dwarf in the Milky Way. It was found that some very heavy dark matter (m X 10 10 GeV) models are unable to trigger a supernova event during collapse, as the required nucleon scattering cross section required is too large given present experimental bounds. However, we have found that such heavy dark matter is still capable of igniting the dwarf, by first collapsing to a black hole, which in turn heats the white dwarf to thermonuclear ignition temperatures through Hawking radiation.
Bounds on dark matter-nucleon scattering cross-section from asymmetric dark matter igniting white dwarfs can be divided into three dark matter mass ranges. In each of the three mass ranges, a different physical process determines what dark matter nucleon scattering cross-section causes white dwarfs to explode. On the other hand, we found that the requirement that the dark matter settle into the center of the white dwarf through repeated scattering, aka "thermalization" within a billion years, is not a limiting factor for white dwarf ignition, across range of dark matter masses and cross sections we considered.
For up to m X ∼ 10 8 GeV mass dark matter, the limiting process is the collection of enough dark matter into the white dwarf, so that it forms a sphere which collapses under its own weight at the center of the white dwarf. In the present work, we have improved on prior work [12] in this mass range, by incorporating the effect of multiscatter capture of dark matter on white dwarfs [52] , which we found reduces the cross-section required for dark matter to ignite white dwarfs by up to an order of magnitude. The white dwarf ignition process during dark matter collapse begins to require a larger dark matter nucleon cross section for masses m X 10 8 GeV. This is because for higher dark matter masses, the total mass of the collapsing dark matter sphere is smaller, meaning more interactions between the dark matter and white dwarf are required to prompt white dwarf ignition during dark matter collapse.
For dark matter heavier than 10 11 GeV, we have determined how the asymmetric dark matter collected inside the white dwarf can spark ignition by first collapsing to a black hole. If the resulting black hole mass is sufficiently small, then radiation dominates far over the accretion of stellar matter. The strongly-interacting particles emitted by the black hole have a rather small showering length in the white dwarf material. Upon emission, they rapidly undergo inelastic collisions with carbon and oxygen nuclei, generating a shower that travels 10 −5 cm through the rest of the sample. This constitutes an efficient way of transferring the energy lost by the black hole to the white dwarf's core. By the same principles that apply to white dwarf ignition during dark matter collapse, the white dwarf material acquires an homogeneous temperature profile as it is heated. We find the energy transfer rate to be adequate for ignition by any black hole evaporating with a starting mass 10 35 GeV. For dark matter to form such black holes in the white dwarf, it must have a large enough dark matter-nucleon cross section so that the dark matter sphere to collapse to a black hole within ∼ 3 Gyrs. The resulting dark matter constraints from black hole evaporative ignition exclude new parameter space up to dark matter masses m X ≈ 10 17 GeV.
Finally, we have considered here two explicit model for asymmetric, fermionic dark matter with Higgs portal and vector portal couplings to the Standard Model. Bounds on these models were obtained by restricting the nucleon scattering cross section, so that these dark matter models would not have exploded an old white dwarf in the Milky Way. In future work, it will be interesting to consider how the heavy dark matter models presented in this paper and the black hole evaporation ignition mechanism bear on dark matter explanations [12] of the Type Ia progenitor problem [46] .
